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Past and Future 
Tropical Cyclone Activity

Gabriel A. Vecchi
 NOAA/Geophysical Fluid Dynamics Laboratory

Princeton, NJ 08540

• What is a tropical cyclone?

• What is cyclone “activity”?

• How has activity changed in the past?
Why?

• How do we expect it to change in future?
Why?



2-March-2010 Gabriel Vecchi, NOAA/GFDL, Princeton, NJ

Miami After Hurricane Andrew

Source: wikimedia.org



North Atlantic tropical cyclones
• Recent increase in activity

– Including extreme 2004-2005 seasons

• Why? Implications for future?

Emanuel (2007, J. Clim.) Figure: Tom Knutson
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Key concepts
• Established vs. Developing understanding

– Multiple factors impact hurricanes
– Observational uncertainties
– Pushing the limits of our theory and computers

• False choice: global warming OR climate variability

• Not about one storm or one season (“Katrina effect”).

• How do we develop our understanding?
– Observations
– Theoretical understanding
– Numerical Modeling

• As we learn more the interpretation of total evidence changes: 
this is how science works

• Interpretations of sum of evidence can differ between scientists: 
                not a “debate” - an ongoing inquiry
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Tropical cyclones
• Tropical cyclone not a big tornado

• Tropical cyclone, hurricane and typhoon same phenomenon, 
different location.

Hurricane Isabel (2003)
Atlantic Ocean

Cyclone Gonu (2007)
North Indian Ocean

Cyclone Tokage (2004)
Northwest Pacific Ocean

source: NASA
source: wikimedia.orgsource: wikimedia.org
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Cyclones spin “cyclonically”
TC Kessiny (2002)
South Indian Ocean

Supertyphoon Nida (2009)
Northwest Pacific Ocean

source: NASA
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Cyclones spin “cyclonically”

TC Kessiny (2002)
South Indian Ocean

Supertyphoon Nida (2009)
Northwest Pacific Ocean

source: NASA
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source: NOAA
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Conceptual view of a tropical storm

source: wikimedia.org
http://upload.wikimedia.org/wikipedia/commons/a/a9/Hurricane_structure_graphic.jpg
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Warm water necessary for storm formation.

But warm water not enough, e.g. cyclones need a “calm” 
environment (without strong “wind shear” to disrupt them)
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It’s not all local: El Niño events are associated 
with fewer Atlantic hurricanes, but warmer Atlantic
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Theory of Maximum Potential Intensity

Potential Intensity = “Fuel” * “Efficiency”

“Fuel” increases as ocean warms
“Efficiency” increases as ocean warms, 
decreases as upper atmosphere warms

cf. Bister and Emanuel (1998)
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Tracks of known 
Atlantic Tropical 
Storms 
(1850-2008)

Winds averaged 
over lower 
atmosphere 
June-November
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Measure of Activity
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Measure of Activity

• Which measure?
– Hurricane count
– Landfalling storm count
– Extremes in intensity
– Shifts in average intensity
– Sum of intensity

• Must balance demand with 
current understanding
– Obs, models and theory limit.

• Differences must be 
communicated and 
understood

Global Mean
Temperature

Trop. Atl.
Temperature

Atl. TS
Counts

Adj. Atl.
TS Counts

Landfalling
U.S. TS

Landfalling
U.S. Hurrs.

Source: Vecchi and Knutson (2008, J. Clim.)
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How can we know what hurricanes did 
in the past?
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How can we estimate what hurricanes 
did in the past?

• Weather maps and reports

• Satellites

• Historical records (newspapers, etc)

• Sediments in marshes
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Raw record of Atlantic tropical storms shows strong century-scale increase

Source: Vecchi and Knutson (2008, J. Climate)
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Source:  Emanuel (2006); Mann and Emanuel (2006) EOS.  
See also Holland and Webster (2007) Phil. Trans. R. Soc. A
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Can we be sure the long-term increase is real?
Observational methods have changed with time….

 

Storm positions Pre-Panama Canal ships

Pre-WWII Ships Pre-Satellite Ships
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Vecchi and Knutson (2008)



Characteristics of recorded storms exhibit 
strong secular changes, 

e.g., fraction of storms hitting land

Source:  Landsea, EOS, 2007.

Eos, Vol. 88, No. 18, 1 May 2007

Fig. 2. (a) The 1900–2006 record of number of 
tropical cyclones in the Atlantic basin, stratified 
by those that struck land (e.g., as a tropical 
storm, subtropical storm, or hurricane) versus 
those that stayed over the open ocean. The 
solid line is the 1900–2006 long-term mean 
of 9.2 per year. (b) Percentage of all reported 
tropical storms, subtropical storms, and hur-
ricanes that struck land. (c) A bias-corrected 
time series of tropical storms, subtropical 
storms, and hurricanes to take into account 
undercounts before the advent of geostation-
ary satellite imagery in 1966 and new technol-
ogy available since about 2002. The adjusted 
1900–2006 long-term mean is 11.5 per year.
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…but we can estimate number of “missed” storms

Landsea (2007): Assumes constant landfall fraction. 
            Is this justified (see Holland, 2007)?

Chang and Guo (2007), Vecchi and Knutson (2008): 
           How many storms “slip” through ship tracks? 

8
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-Adjusted storm count trend since 1878 not distinct from “noise”
-Decadal swings not a simple “cycle”, either.
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Atlantic tropical cyclone tracks and landfall rates
show variability dependent upon several climate
forcing factors such as the North Atlantic Oscilla-
tion [Mann et al., 2007, and references therein].
Since the Lesser Antilles lies in and adjacent to the
main tropical cyclogenesis region for the North
Atlantic track variability is much less pronounced
since baroclinic influences are rare. Tropical cy-
clone identification and classification is easier in
the deep tropics where tropical cyclogenesis occurs
almost exclusively from easterly waves coming off
the African coast. The character of the multicentury
trend and shorter time scale variations are pre-
sented and discussed.

2. Data Repositories and Data Types

[8] Archival sources of data are listed in Table 1
along with the most important source document

types retrieved from each repository. Ships’ log-
books and newspapers account for the vast major-
ity of the data used in this study. Most of these
logbooks and newspapers have never been used
before in tropical cyclone research.

2.1. Ship Logbooks

[9] The British Royal Navy maintained important
naval bases in the Caribbean. The Leeward Island
and Barbados station ships routinely patrolled the
seas immediately adjacent to the Lesser Antilles
but could range into waters of the eastern Carib-
bean region as far west as the Mona Channel,
which separates Puerto Rico from Hispanolia, the
modern Venezuelan coast, as well as to the east and
south toward the northeast coast of South America.
Multiple logbooks were maintained on each ship (a
Captain’s Log, a Sailing Master’s Log, and a
Lieutenant’s Log), thereby increasing the chance

Table 1. Institutions Holding the Main Primary Source Materials Used in This Study

Institution Source Years Data Available

Denmark
Staatsbiblioteket
(State and University Library),
Aarhus

Danish West Indies newspapers 1817–1916

United Kingdom
National Archives
(formerly Public Record Office),
London

Royal Navy logbooks 1690–1823

National Archives
(formerly Public Record Office),
London

Caribbean region newspapers 1820–1855

British Library Newspaper Library, London Caribbean region newspapers 1779–1872

United States
National Archives, Washington, DC Reports of U.S. Consul Generals 1785–1905
National Archives, College Park, MD Record Group 27,

Records of the Weather Bureau:
operational records; surface land
observations made
outside the United States

1843–1887

U.S. Library of Congress, Washington DC,
Newspaper and Current Periodicals Library

US, Canada,
Caribbean region newspapers

1703–1949

University of Maryland, College Park, MD,
McKeldin Library

Early English newspaper
collection and U.S. newspapers

1665–1870

American Antiquarian Society, Worcester, MA Caribbean Newspaper Collection 1770–1870
University of Florida, Gainesville, FL Latin American newspaper collection;

Caribbean region newspapers
1766–1949

Harvard University, Cambridge, MA,
Widener Library

Jamaica newspapers 1718–1895
(discontinuous series)

Columbia University, New York City,
Butler Library

Danish West Indies newspapers 1770–1791

Mariner’s Museum, Newport News,
Virginia

Complete set of extant issues
of Lloyd’s List for the 18th century

Geochemistry
Geophysics
Geosystems G3G3 chenoweth and divine: record of tropical cyclones 10.1029/2008GC002066chenoweth and divine: record of tropical cyclones 10.1029/2008GC002066
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passing through the islands from logbooks that
were not known from newspaper accounts, con-
firming that less dependable delivery of newspa-
pers between ports during wartime did not bias the
count of storms.

3.2. Statistical Treatment of the Data Set

[32] Three different tests were applied to test for the
presence of long-term linear trends in tropical
cyclone activity. The first is the rank-based nonpara-
metric Mann-Kendall test [Mann, 1945; Kendall,
1975], which has been commonly used to assess the
significance of trends in hydro-meteorological time
series [Yue et al., 2002; Partal and Kahya, 2006].
The second is the parametric ordinary least squares
(OLS) method, here applied with a bootstrapping
technique [Wilks, 1997] to assess the statistical

significance of linear trends as described for various
climatic indices by Kiktev et al. [2003] and Moberg
and Jones [2005]. The third method is SiZer
(Significance of Zero Crossings of the Derivative)
[Chaudhuri and Marron, 1999], which allows de-
tection of trends in data without imposing strict
constraints on the data probability density function.
By applying three different significance tests, the
risk is minimized that the result of trend significance
is dependent on the choice of method.

[33] Wavelet analysis provides a useful extension
to common spectral estimates by showing how the
frequency content of the analyzed time series
varies in time. We use the continuous wavelet
transform (CWT) with a real-valued Morlet wave-
let [Torrence and Compo, 1998] as a basis func-
tion. Since the wavelet function is real, the analysis

Figure 6. The number of (top) hurricanes, (middle) tropical storms, and (bottom) both hurricanes and tropical
storms passing through 10–20!N 61.5!W from 1690 to 2007. A 21-year moving mean calculated by fitting the
Poisson distribution to 21-year segments of the time series is superimposed.

Geochemistry
Geophysics
Geosystems G3G3 chenoweth and divine: record of tropical cyclones 10.1029/2008GC002066
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Source: Cenoweth and Divine et al (2008, G3)

Estimating Atlantic tropical storm counts using historical document



Source: Mann et al (2009, Nature)

Using sediment overwashes to estimate tropical cyclones



Source: Mann et al (2009, Nature)
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How do we expect hurricane activity to change?
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Can global climate models give guidance about changes in Atlantic storm 
activity?

Land physics
and hydrologyOcean GCM

Atmospheric GCM

Sea ice model
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But, current computing power limits ability of 
global climate models to  represent hurricanes

Hurricane Rita (2005): 
orange grid is 
representative of 
current global climate 
model resolution.

Size of grid limited by 
power of computers.
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Nonetheless, tropical storms are affected by large-scale 
conditions that today’s climate models can represent.

Factors that favor storm development and 
intensification:

• Warm ocean surface

• Cool upper atmosphere

• Low vertical wind shear

• Moist middle atmosphere

• etc.

Vertical wind shear

} Help define 
potential 
intensity

cf. Emanuel, Holland
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From increasing greenhouse gases, we expect tropics to warm over current century

IPCC-AR(2007)

Models also indicate that upper atmosphere should 
warm much more than the surface.

What is net effect?
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Projected 21st Century Changes in Vertical Wind Shear

Vecchi and Soden (2007, GRL)

“storm-friendly” “storm-hostile”

Over swath of tropical Atlantic and East Pacific, increased wind-shear.

What is net effect of increased potential intensity and wind shear?

Average of 18 models, Jun-Nov
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Three-step assessment of impact of global warming on strongest storms
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Frequency of weakest storm projected to decrease.
Frequency of strongest storms may increase.

Adapted from Knutson et al (2008, Nature Geosci.), Bender et al (2010 Science)
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Temperature “threshold” of TC formation 
increases with global warming

LETTERS

1

2

3

4

5

Fr
eq

ue
nc

y

0

6

1

2

3

4

5

Fr
eq

ue
nc

y

0

6

–8 –7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7 8 –8 –7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7 8

–8 –7 –6 –5 –4 –3 –2 –1 0
Change in annual storm counts

Change in annual storm counts Change in annual storm counts

1 2 3 4 5 6 7 8

1

2

3

4

5

6

7

8

9

Fr
eq

ue
nc

y

0

10

a b

c

Figure 3 Frequency distribution of change (warm climate minus control) in storm counts for each year simulated. a–c, Distributions for Atlantic basin tropical
storms (a), hurricanes (b) and major hurricanes (central pressures less than 965 hPa) (c). In the multimodel ensemble climate change experiments, tropical storm counts

decrease by 27%, hurricanes by 18% and major hurricanes by 8% relative to the control.
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Figure 4 Tropical storm/hurricane counts versus SSTs for the control and warm-climate runs. a–c, Time series of Atlantic hurricane counts compared with main
development region (MDR) SSTs during the 27 yr study period, for observations (a) and for the control (b) and warm-climate (c) simulations. Dashed lines are annual values
(August–October) and solid lines are 5 yr running means of the August–October values. The main development region here is 20

◦
–80

◦
W, 10

◦
–20

◦
N. d,e, The tropical storm

genesis events sorted by local SST levels for the control (d) and warm-climate (e) experiments.

increase (∼+70%) in major hurricane counts. This sensitivity of

the hurricane response to details of the climate model projections

highlights the need to better constrain regional climate responses to

increased CO2.

A key limitation of our regional downscaling model is that

it does not simulate the most intense hurricanes or the strong

dependence of upper-limit intensities on SST observed in the

present climate (see Supplementary Information, Fig. S1). Owing
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Figure 3 Frequency distribution of change (warm climate minus control) in storm counts for each year simulated. a–c, Distributions for Atlantic basin tropical
storms (a), hurricanes (b) and major hurricanes (central pressures less than 965 hPa) (c). In the multimodel ensemble climate change experiments, tropical storm counts

decrease by 27%, hurricanes by 18% and major hurricanes by 8% relative to the control.
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Figure 4 Tropical storm/hurricane counts versus SSTs for the control and warm-climate runs. a–c, Time series of Atlantic hurricane counts compared with main
development region (MDR) SSTs during the 27 yr study period, for observations (a) and for the control (b) and warm-climate (c) simulations. Dashed lines are annual values
(August–October) and solid lines are 5 yr running means of the August–October values. The main development region here is 20
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increase (∼+70%) in major hurricane counts. This sensitivity of

the hurricane response to details of the climate model projections

highlights the need to better constrain regional climate responses to

increased CO2.

A key limitation of our regional downscaling model is that

it does not simulate the most intense hurricanes or the strong

dependence of upper-limit intensities on SST observed in the

present climate (see Supplementary Information, Fig. S1). Owing
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Ocean temperature when cyclone forms:

Present climate

Warmed climate
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We expect continued variation of tropical storm frequency

source: Villarini et al (2010)

Figure 2: Projections for the 21st century of the tropical storm activity in the North
Atlantic basin for five different climate change scenarios using the GFDL cm2.1 climate
model, and tropical Atlantic and tropical mean SSTs as covariates in the statistical model
(left panels). The white line represents the median (50th percentile); the dark grey region
represents the area between the 25th and 75th percentile; the light grey region represents
the area between the 5th and 95th percentile. For the same five climate change scenarios,
in the right panel the slopes of the linear regression line for three periods (2001-2050;
2051-2100; 2001-2100) are shown.

12

Projected Atlantic Tropical 
Storm Frequency

(statistical downscaling of GFDL-CM2.1)
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My current interpretation of evidence
• Observations: can’t reject possibility of no change in frequency

– Data issues and short records
– We will never know how many storms we didn’t see, or what they were like. We 

can only estimate it.

• Multiple factors affect change in hurricane activity:
– Pattern of temperature changes is key.

• Projected changes depend on measure chosen, e.g.:
– Atlantic TC Frequency: small change, possible decrease
– Atlantic TC Intensity: projected increase

• Year-to-year and decade-to-decade variations will still exist.

• Increased coastal population and wealth: increased vulnerability

• Sea level rise: same storm greater potential impact.

• This is a topic of vigorous scientific inquiry. Gabriel.A.Vecchi@noaa.gov
www.gfdl.noaa.gov
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Key concepts
• Established vs. Developing understanding

– Multiple factors impact hurricanes
– Observational uncertainties
– Pushing the limits of our theory and computers

• False choice: global warming OR climate variability

• Not about one storm or one season (“Katrina effect”).

• How do we develop our understanding?
– Observations
– Theoretical understanding
– Numerical Modeling

• As we learn more the interpretation of total evidence changes: 
this is how science works

• Interpretations of sum of evidence can differ between scientists: 
                not a “debate” - an ongoing inquiry
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Vecchi, Swanson and Soden 
(2008, Science)

Observed Activity
Absolute Atlantic
Temperature

One Temperature Predictor of Atlantic Hurricane Activity
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Observed Activity
Absolute Atlantic
Temperature

Observed Activity
Relative Atlantic 
Temperature

Two Temperature Predictors of Atlantic Hurricane Activity

Vecchi, Swanson and Soden 
(2008, Science)
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Vecchi, Swanson and Soden 
(2008, Science)

Observed Activity
Absolute Atlantic
Temperature

Observed Activity
Relative Atlantic 
Temperature

Two Statistical Projections of Atlantic Hurricane Activity
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Vecchi, Swanson and Soden 
(2008, Science)

Observed Activity
Absolute Atlantic
Temperature

Dynamical Model 
Projections

Observed Activity
Relative Atlantic 
Temperature

…Add Dynamical Projections of Atlantic Hurricane Activity
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High-Resolution Comprehensive models
Assess TC sensitivity to climate change in a physically-consistent manner

GFDL regional model simulation.

Knutson et al (2007, BAMS)

GFDL global model simulation.Zhao, Held, Lin and Vecchi (2009, J. Climate)

Models ranging in
100km to 18km
resolution.
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Comprehensive models

Knutson et al (2007, BAMS)

Zhao et al (2009, J. Clim.)

Given “large-scale” conditions, 
high-resolution models can 
reproduce observed changes in 
hurricane frequency.

Use these models to assess 
impact of model-projected large-
scale response to doubled CO2.

(e.g. Oouchi et al 2005, 
Bengtsson et al 2007, Emanuel 
et al 2008, Knutson et al 2008, 
Zhao et al 2009 ….)
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Courtesy Morris Bender and Tim Marchok, NOAA/GFDL



2-March-2010 Gabriel Vecchi, NOAA/GFDL, Princeton, NJ

Sources:  Knutson and Tuleya, J. Climate, 2004 (left); 
Knutson and Tuleya, 2008; Cambridge Univ Press (right).

~Late 21st century

Current climate

         Hurricane Intensity               Hurricane Rainfall Rates     

Current 
climate

~Late 21st century

6-hr accumulated rainfall [cm] within ~100 km of storm center.

Hurricane models project increasing hurricane intensities and 
rainfall rates with greenhouse climate warming …


